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ABSTRACT. We consider the asymptotic regime for a barotropic model of a
compressible fluid coupled to the radiation when the radiative intensity is
driven to a diffusion limit and we study the convergence of the system toward
the asymptotic limit.
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1. Introduction

We consider a barotropic model in radiation fluid dynamics in the asymptotic
non-equilibrium diffusion limit proposed by Buet and Despres [6]. We suppose
that the motion of the fluid is governed by the standard equations of classical fluid
dynamics describing the evolution of the mass density o = o(t,z) and the velocity
field @ = (¢, ), considered as functions of the time ¢ > 0 and the spatial (Eulerian)
coordinate = € Q, where ) C R3 is a bounded domain. The effect of radiation is
incorporated in the system through the radiative intensity I = I(t,z,dJ,v), depend-
ing, besides the variables ¢, x, on the direction vector & € S?, where S? denotes
the unit sphere in R3, and the frequency v > 0. The action of radiation is then
expressed in terms of integral average with respect to the variables w and v of
quantities depending on I. Finally the evolution of the compressible viscous heat
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2 BERNARD DUCOMET AND SARKA NECASOVA

conductive flow is coupled to radiation through radiative transfer equation [7] which
reads

1
(1.1) Eatl +d-VI =85,
where ¢ is the speed of light. The radiative source S := S, + S, is the sum of

an emission-absorption term Sa e =04 (B(v,0) — I) and a scattering contribution
Ss =0, (f— I) where I := i f52 I dw. S takes the form

(1.2) S_aa(B—I)Jras(i/ Idw—f),
4 S2

In what follows, we assume:

e Isotropy: The coefficients o,, o5 are independent of &J.

e Grey hypothesis: The coefficients o,, o, are independent of v.
The function B = B(v,p) measures the departure from equilibrium and is a
barotropic equivalent of the Planck function. We also denote by b the frequency
average of B(v, o) given by

(1.3) b(o) := /000 B(v, ) dv.

The time evolution of the density ¢ and the velocity # is governed by the
standard barotropic Navier-Stokes system:

(1.4) Oro + divz (o) =0,
(1.5) 9y (0@) + divy (0 ® @) + Vap(0) = plal@ + (A + p)Vadived — Sp,
where the (constant) viscosity coefficients satisfy
2
(1.6) w>0, /\+§,u20,
and

(1.7) SF— Ja—l—as/ / &I d@ dv.
52

The system of equations (1.1 - 1.7) is supplemented with the (dissipative)
boundary conditions

(1.8) G|ag =0,
(1.9) I(t,z,&,v)=0for (,&) e [_ = {(m,&) ‘ (2,3) €00 x S2, &7 < o},

where 71 denotes the outer normal vector to 02, and initial conditions

(1.10) (o(x,t), u(x,t), I(x,t,d,v))|,_y = (QO(J:), ﬂ’o(x),fo(x,ﬁ,y)),
forx € Q, & € §? and v € (0, 00).
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The coupled system (1.1 - 1.10) can be viewed as a simplified model in radiation
hydrodynamics [31], [27]. More realistic systems (including an energy equation)
appear in astrophysical applications [27] [31] and their asymptotic regimes have
been proposed by Lowrie, Morel and Hittinger [26] and revisited recently by Buet
and Després [6] ( see also Dubroca and Feugeas [17], Lin [28] and Lin, Coulombel
and Goudon [29] for related numerical issues). For the ”complete system” including
temperature, a global existence result has also recently been proved in [10] under
some cut-off hypotheses on transport coefficients and also in the steady case see
[25]. Let us mention for completeness that existence of local-in-time solutions in
the inviscid case was obtained by Zhong and Jiang [32] and that a number of results
in one-dimensional geometry are available (see [2], [12], [13], [14] and references
therein). Let us finally mention that singular limits in low Mach number regime and
diffusion regime for the full Navier- Stokes- Fourier system coupled with radiation
were also investigated see [15, 16].

Our goal in this paper is to study the asymptotic behavior of solutions to the
problem (1.1 - 1.10) under the scaling

1 1
c= . 0o R €04(0), 05 ~ 805(9)7
where € — 0 is a small positive parameter.

In fact this asymptotic regime corresponds to a (non-equilibrium) diffusion
limit of the system in the sense of [26] or [6]. From a physical point of view, it is
well known that, when the mean free-path of photons is small, the radiative trans-
fer equation (1.1) is well approximated by a diffusion equation, which drastically
simplifies numerical simulations used for example in inertial confinement fusion or
astrophysical purposes (see [1] and [5] for more complete introductions). Such as-
ymptotic regimes have yet been studied in [3] and [4] and our aim is to extend this
perspective to the simplified coupled system (1.1)(1.4)(1.5).

2. Hypothesis and Mathematical Preliminaries

Hypotheses imposed on constitutive relations and transport coefficients are
motivated by the existence theory for the compressible Navier-Stokes system de-
velopped in [18] and reasonable physical assumptions [31]. We suppose that the
pressure satisfies the following assumptions

e pis a C! function on [0, 00) such that p(0) = 0,
e pc C[0,00)NC?%0,0),
e p'(p) > 0 for all p > 0, such that

/
(2.1) i”(f? =Poo >0, 7> g
Let us mention that such a behavior includes the case of monoatomic gases
~v = 5/3 but one can check that all of our results also hold for more general fluids,
in particular for non-monotone equations of state met in nuclear physics [8] and
considered in [9] and [23].
We also assume the following bounds for radiative quantities

(2.2) 0 < os(0), 0alo) < e,
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(2.3) oa(0)B™ (v, 0) < h(v), h € L'(0,00) for m = 1,2,

for any p > 0. Note that relations (2.2 - 2.3) represent “cut-off” hypotheses at large
density.

The equation of continuity (1.4) is replaced by the integral identity

(2.4) /QQ(T, (T, -) da — /Q 00(0,-) dx = /0 /Q 00 + 0t - Voo do di

satisfied for any v € C1([0,T] x Q) and any 7 € [0,7], and for p(0,-) = go. It is
customary to replace the equation of continuity (1.4) by its (weak) renormalized
version represented by a family of integral identities

(2.5)

/OT /Q ((o+8(0))0u + (0+ B0) ) Varo + (Ble) — B (0o ) divaits) da dt

= [ (o0 +Blen) 0. ar

satisfied for any ¢ € C°([0,00) x 2), and any 8 € C*°[0,00), 3 € C°[0,0). Note
that (2.5) implicitly includes satisfaction of the initial condition

0(0,) = oo.

The momentum equation (1.5) is replaced by

/ oii(r, b(r, ) dr — / 00iio(0, ) da
Q Q

(2.6) :/ /gﬁ-@tgb—l—gﬁ@ﬁ:Vm(b—kpdivng—S:Vm(b—gp-gbdzzrdt,
0 Ja

for any ¢ € C1([0,T] x Q;R3) with ¢|,q =0, any 7 € [0, 7.

Definition: We say that (0,4, 1) is a weak solution of problem (1.1) — (1.10)
on (0,T) if the density o is a non negative measurable function and if

(2.7) p € Cweax(0, T35 L7(Q)),

(2.8) i€ L*(0,T; WH2(Q)),

(2.9) 011 € Cuuearc (0, T; L7¥1 (4 R?)),
(2.10) I€L>=(0,T) x Qx8*x(0,00)),
(2.11) I€L>®0,T; LN x 8% x (0,00))

and if (9,4, I) satisfy the integral identities (2.5),(2.6) together with the transport
equation (1.1).
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THEOREM 2.1. Let Q C R3 be a bounded domain of class C*V, v > 0. Assume
that the pressure p, the transport coefficients o4, os and the equilibrium function B
comply with (2.1 - 2.3).

Let (o, ,4,I) be a weak solution to radiative Navier-Stokes system (1.1)-(1.10)
for (t,x) € [0,T) x Q, and (&,v) € S* x R;.

Then problem (1.1)-(1.10) has a weak solution (0,4, I) such that
the density o is a non negative measurable function,

(212) p e chak(oa Ta L’Y(Q))v
(2.13) @€ L*(0,T; WH2(Q)),
(2.14) 016 € Chuear (0, T3 L777 (Q; R?)),
(2.15) Ie€L>®(0,T) x Qx 8% x(0,00)),
(2.16) I€L>0,T;L'(Q x 8 x (0,00)),

possesses a finite energy weak solution (9,4, I) for (t,x) € [0,T] X Q, and (J,v) €
S? x Ry and satisfying the integral identities (2.4-2.6) together with the transport
equation (1.1).

PROOF. See the proof in the Appendix. O

3. Formal scaling analysis

In order to identify the appropriate limit regime we perform a general scaling,
denoting by Lyct, Tref, Uref, Pref, Pref, the reference hydrodynamical quantities
(length, time, velocity, density, pressure) and by Ire¢, Vref, Oa,refs Os.ref, Bref, the
reference radiative quantities (radiative intensity, frequency, absorption and scat-

tering coefficients and equilibrium function). We denote by Sr := T‘Lfrf]f‘ iz Ma =
Ures _ UrefprefLres . . )
TrefPrer’ Re = e the Strouhal, Mach, Reynolds (dimensionless) num

C
Upeyp?

bers corresponding to hydrodynamics, and by C = L = Lycfoaref, Lo =

, Lyeftres Sy . : . . .
Towef P = Zreflreforef various dimensionless numbers corresponding to radia-

Oa,ref’ ¢ presUls
tion.
Using these scalings, using carets to symbolize renormalized variables and
. o ) . I'ref O
choosing By = Irey we get S = Lo S, where

S = L6, (B(ﬁ, 0) — f) + LLG, (4i /S i(,@) A& — f) .

7T
Omitting the carets in the following, we get first the scaled equation for I, in the
region (0,7) x © x (0,00) x S?

1
31 I 4GVl =S = Loy (B—1I)+ LLow —/ 1ds—1).
C 47 S2

We also denote by Er = [~ [s21 d& dv the renormalized energy and Sp =
15 [s2 @S A& dw.
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The continuity equation is now

(3.2) Sr 0o + divy (o) = 0,
and the momentum equation
(3.3)
1 1 ~
St 0y (ot) + divy (ot ® ) + Va2 Vap(o) — T (LAT + (N + p)Vydivyd) = —PSp.

Supposing that a moderate amount of radiation is present (P = O(1)) in our
strongly under-relativistic flow (C = O(e™!)), where ¢ is a small positive number,
we obtain the “ non-equilibrium diffusion regime” defined by

Ma=Sr=Pe=Re=1,P=1,C=¢c!, L=cand L, =¢ 2

The new system reads finally

(3.4) gat1+¢z-v11=gaa(3—1)+las(i/ Ich—I),
3 4 S2

™

(3.5) 00 + div, (o) = 0,
¢ (o) + div, (ot ® @) + V(o)

1 oo
(3.6) = pAT+ (N + p)Vdiv,d + (aaa + gas> / / &I dd dv.
0o Js2

3.1. Formal computation of the diffusion regime. In order to compute
the limit system, we consider the formal expansions
I = I() + 511 + 5212 + 0(83),
(3.7) 0=po+eo1+e0+ O,
U =ty + eu1 + €2ﬁ2 + 0(83).
Plugging (3.7) in (3.4) and evaluating the lowest orders terms we get
1

(38) E o IQ do = IO,
- 1 -
(39) w-VwIO :US(QQ,V) (—/ Il dw—Il) y
47 S2
and
- 1 -
Oy +&-VI; = UQ(QQ)(B(QQ, I/) — Io) =+ O'S(QQ) (E /2 I d&o — Ig)
S
1 -
(310) +8QUS(Q0) (4—/ Il do — Il> 01-
T Js2

Integrating on S? and plugging the first two relations into the last one, we find

~ 1
Oy +&-VoIly — 0 ®d divy, (—leo)
US(QO)

~ oulen)(Blan,) ~ o) +ulon) (= [ 12 a6 -12)

| .
+0,05(00, ) (E /S I ds - 11> o
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Integrating in v and using (3.8)(3.9), we get a diffusion equation for N := fooo Iy dv

1

1
(3.11) 0N — < div, (mvml\f) = 0a(00)(b(00) — N),

where b(go) == [ B(oo, v

We ﬁnally obtain a compressible Navier-Stokes type system for ¢ and « coupled
to a diffusion equation for N.

Omitting the 0 index, we get finally the system

(3.12) 0o + divy (o) =0,

1
(3.13)  Oi(otl) +divy (0@ @ @) + Vy [p(g) t3 N] = pAU+ (A + p) Ve div, i,

1 1
3.14 ON — - divy, | —= VN | =0, b(o) — N),
3.10) W = g v, (VN ) = 0u(0) () - )
with the boundary conditions
(3.15) oo = 0,
the extra boundary condition on N
(3.16) Nlyo =0.
and initial conditions
(3.17) (o(a ), <x 0, N(@,0)],_o = (°(2), ©(2), N°(a),
for any x € 2, with N°(x fO f52 (z,v,d) dJ dv.

One observes that in the limit regime, hydrodynamics is coupled to radiation
through the effective pressure 7 := p + % N.

The main theorem reads

THEOREM 3.1. (Main Theorem) Let Q C R3 be a bounded domain of class
C?V. Letpis a C' function on [0,00) such that p(0) = 0, p'(p) > 0 for all p >0
and (2.2-2.3) are satisfied. Let (oc, e, I.) be a weak solution of rescaled system of
equations (1.1-1.10) with

(3.18) 00, — o in L7(Q),
e 2

(3.19) [e@oel” 4, <.

Q Q0.
(3.20) [lo.c(-,v)| < h(v), h € L' N L>=(0,00).
Then up to subsequences
(3.21) 0. — 0 in C([0,T]; L(Q)) and in Cyear ([0, T]; L7 (Q)),
(3.22) . — @ weakly in L*(0,T; W2(Q; R?)),
(3.23) I. — I weakly * in L>(0,T;Q x S8 x (0, 00))

where o,u, I is a weak solution satisfying

(3.24) o + divy (oif) = 0
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1
(3.25)  Ou(otl) +divy (0@ ® ¥) + Vy (p(g) + §N) = pAU+ (N + p)Vydivyd

1 1 i
(3.26) ON — =div, (—VmN) = 0,(0)(b(0) — N), b(p) :/ B(p,v) dv
3 Us(Q) 0
4. Uniform estimates
Multiplying (1.1) on I we get

€ 1 o 1

—O P+ =3 -V,I? =coq(be — DI+ = — | Ido—1TI)1.

2(% —|—2wV e0q(be >+5<47r/52 & >

Consequently, denoting

~ 1
I(t,x,v) = E/y I(t,x,d,v) dd,

We deduce integrating the above expression, that

//12 ) d@ da+ = //aa/ (be—1) dwdde——//as/ 1 1 dwd:z:dt
S2 S2 S2

g—/g/ Igad&dx—i—zlwa//oab?dxdt.

2Ja Jsz 7 0o Jo

(4.2) loa/2 (be = 1) | L2 (axs2x (0,00)) < C

(4.3) b2 (I = 1) lz2axs2xo.00) < Ce,

and

(44) ”E Ol + &Vl ”L2 Ox82x(0,00)) = <C

Using the Fourier argument of [4] (see Lemma 3 in [4]) we also get that for any
-\ 1/

T > 0 the quantity (IO‘) is bounded in L4(0,T; W54(2)) where ¢ = %,

a—l—l-—p and for any 8 < £ 2p+1
Integrating (3.4) over o, we get first

~ 1 — B
(4.5) O I + - div, GL = 0, (bs . 15) ,

and multiplying (3.4) by & and integrating over &, we also have

— 1 1 —
(46) 8,5 (.3[5 + g lez ((:) ®LDI€) = — (5_2 Os,e + O'a_’5> (:)IE
Then we get the equation

~ 1 __ —
8, I. — div, <7 [a&t SL + div, (3 ® ﬁIE)D

Os,e + 520(1,5
(4.7) = ue (ba - fa) in D'((0,T) x Q x 82) x (0, 00).

Using (4.4) and (2.3), we conclude that the sequence {8, I. }- is bounded in L2(0, T; W ~14(Q2)).
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\1l/a
Setting J. := (Ig) , we deduce that

Je € LU([0, T, W7(Q)),

I 1e = JellLa(o,myx0) — 0 for e — 0,

and
oI, € L0, T); W—H9(Q)).

Applying a variant of the Aubin-Lions Lemma (see Lemma in [4]), we deduce from
these last estimates that there exists a subsequence I converging in L?((0,T") x §2).

4.1. Boundedness of the forcing term in the momentum equation.

We show that the forcing terms Sp in the momentum equation is bounded in
L?((0,T) x ©;R3) uniformly for € — 0. Indeed we have

T . %) T 1
/ /Sp-ﬁd:rdt:/ / /<50a+—as>ﬁ-/ﬁldﬁdxdtdy
0o Ja o Jo Ja € 52
%) T o T 1 _
= / / / aaaﬁ-/ &I dd dx dt dl/—l—/ / / —Usﬁ~/ G(I-1)d& dz dt dv,
o Jo Ja 52 o Jo Ja¢ S2

where

oo T
/ / /aaaﬁ-/ &I d& dz dt dv
0 0 Q S2
while
o0 T 1 -
/ / /—Jsﬁ~/ G(I —1) d& dz dt dv
0 0o Ja¢ 52

-1
&

dv
L2((0,T) x %R?)

)

< aHs/Uaﬁ”m((o,T)xQ)/o HVU" /52 @I dw

do

dv.
L2((0,T) x %;R3)

oo
< Usﬁ||L2((o,T)xQ;R3)/ VoS [ @
0 S

As a consequence of (4.1), we have

dv, /
L2((0,T) x %R3) 0

uniformly for e — 0 as soon as

-1
&

do

dv <e
L2((0,T) x ;R3)

/O W
S2

/ H,/aa oI dw
0 S2

(4.8) 0 < aa(0),05(0) <7, |B(o,v)],|Io(-,v)| < h(v), h € L* N L>(0,00).
Thus we conclude that
(4.9) Sp — § weakly in L2((0,T) x ;R?),

where

1 o0
(4.10) G = weak lim —as/ / GI d& dv in L2((0,T) x Q;R3).
e=0e Joo Js2
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5. Compactness for the Navier-Stokes system

It follows from the abstract compactness results on the solution set of the
compressible Navier-Stokes system, see e.g. [18, Chapter 6], that

(5.1) 0. — 0in C([0,T]; L (Q)) and in Cyear ([0, T]; L7(2)),

(5.2) il — i weakly in L*(0,T; W'2(Q; R?))
as soon as we assume that

|(Qﬁ)0,€|2

(5.3) 00, — 0o in L7(£2),
00,e

bounded in L'(),

where the limit is a weak solution of the Navier-Stokes system

(5.4) 0o + divy (o) =0,

(5.5)  Oi(od) 4 divy (0t ® 4) 4+ Vap(o) = pAd + (A + p) Vo dived + g.
Thus it remains to identify the function ¢ determined through (4.10).

6. The limit passage

We start by writing the rescaled equation (1.1):

1 .
(6.1) eI+ Vol = e0u(B ~ L) + —ou(I: — L.).

In fact from (4.2) and (4.4) we see that there exists a g € L((0,7) x Q x §?)
such that

(0s5,c + 620'(175)_1/2 div, (8®& I.) — g weakly in L*((0,7) x 2 x §% x (0, 0)).
Multiplying by (o, + 520,0‘76)1/2 I. and using (2.2)-(2.3) we obtain
Idiv, (8® & I.) — gol/?T weakly in L*((0,T) x Q x 8% x (0,00)),

with o5 = 05(p).
Now we see from above that

(0s,c + 52%,5)1/2 I. — o}/2I weakly in L2((0,T) x Q x 82 x (0, 00)),

SO

1

5 dive (307 I2) = gol/?T weakly in L*((0,T) x Q x 8% x (0,0)),
and that

1 1
5 div, (0 ® JI2) — 3 div, (& ® &I?) weakly in D' ((0,T) x Q x 8% x (0,00)).
Therefore
1
gol/?I = 5 dive (G® oI?).

Exactly as in [4], one can now check that

11
o V25 == V,I,
30,
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and therefore one can pass to the limit in the second term in the left hand side of
(4.7)

o, Veld®dl) = V. (@ ®&l.)
Os.e +€%0a,e ) (0s,e + 520'(175)1/2 (0s,c + 820a,a)1/2 )
11
(6.2) — o 1?5 = P v, 1.

As the term in the right hand side of (4.7) clearly converges to o,(0) [b(g) - f},

this finally proves that N := [, I dd satisfies the limit equation (3.14).

The same argument as in [4] shows finally that N satisfies the Dirichlet bound-
ary condition Ny, = 0. In fact from the fact that & - V,I2? is bounded in
L2((0,T) x Q x Ry) we deduce that I. has a well-defined trace on 92 which holds
at the limit for I and then for N. Thus, introducing

N:/ I dv,
0

we get the limit system in the form

(6.3) Oro + divy (o) =0
1
(6.4) O¢ (o) + div,(0d @ @) + V, (p(g) + gN) = pAU+ (A + p)Vodiv, @

Lii ! =0 - = h v) dv
(63) 0 = gaiv, (VLN ) = 0,00~ M) b0) = [ Blew) av

The convergence holds provided

(6.6) 00, — 0o in L7(£2),
(6.7) [emoel® 4, < .
Q Q0. -7
(6.8) [To.c(-,v)| < h(v), h € L' N L>(0,00).

REMARK 6.1. The existence of a classical solution for the target system is
an easy consequence of the existence of classical solution for the full compressible
Navier- Stokes -Fourier system with diffusion see [16] and [11].

7. Appendix

Sketch of Proof of Theorem 2.1:

We will use three-level approximative system with parameters n — oo (denoting
the dimension of space of Galerkin approximations), n — 0 (denoting the elliptic
regularization of the continuity equation), 4 — 0 (denoting the artificial pressure
constant). We introduce the approzimative system and give some remarks to the
proof. We apply the approximation scheme introduced by Feireisl see [20] coupled
together with the transport equation

(7.1) Oro + divy (o) = nAp,
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(7.2) O (ou®) + div, (ou'id) + 0, (p(g) + 5gﬁ> +nVu'. V0
= pAut + (N + p)(divy @), + Sk, i=1,2,3
(7.3) eI +3-VoI=S8,
for (t,r,d,v) € (0,T) x 2x8? x (0, 00), complemented by the boundary conditions
(7.4) Vzo0.1ilo0 = 0,
(7.5) ton = 0,
(7.6) Ilr_ =0,

and the initial conditions

(7.7)  0(0) =00 € C*™(QA x S* x RY), 0 <0< 0o(z) <D, Vaoo.itloa =0,
(7.8) (e0)(0) =7, 7=1[d"¢*¢°], ¢ € C*(Q), i =1,2,3,

(7.9) 1(0) = Iy € C*T7(Q).

Here S :=ec0, (B—1I) + %as (ﬁ Jso I A& — I) and Sp = fooo [z &S dddv.

Let us fix n € N, 1,0 > 0, € and consider the orthogonal family of eigenfunc-
tions 1), of the Dirichlet Laplacian on 2 given by

_Awn - )\n1/)n on Qv U)n|852 =0.

We consider a sequence of finite dimensional spaces
X, = [span{wj}?zl]?’, n=12,..

The approximate solutions % € C([0,T]; X,,) we look for are required to satisfy the
integral equation

(7.10) /Q o(t)u(t).y dx — / g doe =

Q

t
/ / (12— div.. (ot ® ) + V(A + p)div.. i p(o) — 52°)
0 Q

Sp + nvmg.vzﬁ} W dz ds
for all t € [0,T] and any function ¢ € X,,.

(7.11) dro + divg (o) = nAp,
and
(7.12) Ol +@- Vol =8,

with the initial and boundary conditions (7.4)-(7.9).
Then we consider the mapping

T:X,— X,
T () — T (1)

defined in the following way: For a given v we firstly find p as a unique solution to
the problem
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(7.13) Oro + divy(ov) = nAo,
(7.14) V0.7|aoq = 0.
(7.15) 0(0) = 09 € C*™(Q), 0 < 0 < po(z) <3, Vz00.7an =0,

Precisely, we will solve the Neumann problem for the density

The existence of a solution for the initial-boundary value problem (7.3), (7.4),
(7.7), is standard and can be found in [21, Lemma 2.1, Lemma 2.2].

LEMMA 7.1. Assume U is a given vector function belonging to the class
(7.16) ve O([0, T C*(Q)F), vloa =0
Then the initial-boundary value problem (7.13), (7.14) (7.15) possesses a unique
classical solution o = S(¥) on the set [0,T] x Q such that o(t) € C**V(Q) for any
fized t € [0, T]. Moreover, assuming the initial datum oo satisfies (7.15), the ”so-
lution” operator S : U+ o enjoys the following properties:
(1) o= 8(0) is the unique classical solution of (7.3), (7.4), (7.7) ;
(2)

(7.17) 0 exp( _/0 div, 5(s)|| o 0 ds) < 8(9)(t,z) <

t
0 exp(/ [dive 7(s)| Lo () ds) for all t > 0;
0
(3)
(7.18)  [S() = S)llcqoriwra@) < Telr DT = 7l oo mm; 2@,
for any T, % belonging to the set
M, = {7 € C(0, T} W () | 17(8) 1oy + V50 o) < for all .

Then we find I as a solution to the transport equations

(7.19) eI +3-V,I=38,

for (t,x,&,v) € (0,T) x Q x 8% x (0,00)

(7.20) Ilr_ =0,

(7.21) I(0) = Ip € C*™(Q x S% x Ry).

The compactness of the averages over sphere has to be used to get the existence
of I. Precisely, we apply the following lemma
LEMMA 7.2. (C. Bardos, F. Golse, B. Perthame, R. Sentis) Let I € LP(§) x
S x (0,00)) and 01 + - V,I € LP(Q2 x S x (0,00)) for some 1 < p < oco. Then
= 1
(7.22) I=— | I(-&,)dd
47T S

belongs to the space LP((0,00); W*P(Q)) for any 0 < s < min{%,l - %}, and
(7.23) I )lwen(ey < CUHIC, - 0)lpexs) + 10 + @ - VoI (- v) | Loaxs))-
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PROOF. See [24, Theorem 4] O

Finally, we find « as a solution to
(7.24) / o()a(t) dx — / qb dx
Q Q

T
_ / / {l\ii~div, (00)+ V. (A + p)dived — plo) — 60) 1V 2 0V.ir+ S i
o Ja
Applying the Schauder fixed point theorem and passing to the limit n — oo we get

LEMMA 7.3. Suppose 3 > max{4,~v}. Assume the initial data oo, q satisfy
(7.7), (7.8). Then there exists a weak solution o, @ of the problem (7.8) - (7.1)
such that o € LAT1((0,T) x Q) and the following estimates hold:

(725) S[UI’)T] Hg(t)”’lyﬂ(ﬂ) < C(QO) JvIOa 6)7

telo,
(7.26) § s lo@)lI7 5y < e(e0. @ 10, 9,),

telo,
(7.27) sup |[v/e(t)i(t) 720y < c(o0,d. 1o, 9),

t€[0,T]
T

@2 [ (1O + VO 0) db <o o),
and

T
(7.29) g/ IV a2 dt < (00, 1o, 0).

0
Moreover, the modified energy inequality

d 1. ] _, o
(7.30) a/ [§g|u|2 + (o) + ﬁgﬂ d:c—l—/ (1 Voil® + (A + p)|div, @?] da
Q Q

g/Q [ s(0) div, ﬁ—gp-ﬁ} dx

holds in D'(0,T) along with its "integrated” version .

T 5,
[ [0+ @0 + 2200 as
7.31 ’ Vaid]? + (X div, @|?] dx d
(7.31) [ Vs O v 2] o
1 |q? 4] T R A,
S/Q[g%ﬂLH(@oHﬁ éj} d$+/0 /Q[ps(g) divy @ — Sp-d| drdt

for a.e. 7€ (0,T).
Finally, there exists r > 1 such that ot, Ao € L"((0,T) x ) and the equation
(7.3) is satisfied a.a. on (0,T) x Q.
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The vanishing viscosity limit

Now we pass to the limit in (7.3), (7.2), (7.1) letting 7 — 0. For more details
see [21].
We get the following lemma

LEMMA 7.4. Let 8, § > 0, and R > 0 be given such that
B > max{~,4}.

Let the pressure p satisfy the constraints of hypothesis see Section 2. Then, given
initial data 0o, q, Io as in (7.7), (7.8), there exists a finite energy weak solution g,
i, I of the problem

(7.32) D10 + divy (o) = 0
(7.33)
O (ou")+divy (ou’ @)+ 0x, (p(9)+595) = pAu' + (A+p)(divy @), —Sp, i =1,2,3,

(7.34) a@J—HﬁVzI_aaa(B—I)—I—éas<$/Szldﬁ—f),
with boundary conditions

(7.35) )ga =0

on (0,T) x Q, and

(7.36) Ilr_ =0,

fort € (0,T), (z,&) eT'_ = {(x,u'i) ‘ (v,8) €00 x S§%, & -7 < 0} and for v €
(0,00), and for initial conditions (1.5).

The artificial pressure limit

Finally, to conclude the proof of Theorem 2.1, one has to pass to the limit for
d — 0 to get rid of the artificial pressure term. For this step we refer to [21, Section
4] where this is done for the monotone pressure-density constitutive law and to [22,
Theorem 1.1] where the necessary modifications how to accommodate the pressure
satisfying the constraints of hypothesis see Section 2 can be found.
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